Accordingly, the first goal of the test program was to determine the test duration of the pneumatic sequence. This was accomplished using a Type 4, 70MPa tank. The pneumatic sequence duration was determined to be approximately 13 weeks of continuous testing, based on performing the 500 cycle certification. This amount could be reduced to 10 weeks, depending on the duration of the permeation testing. An additional 3 weeks was "added" to the 10-13 week duration to allow for equipment shutdowns, temperature soaking, and any testing problems which are more prevalent with pneumatic cycling over hydraulic cycling. The resulting increase in test duration is not believed to be overly excessive and can likely be accommodated within the schedule of test laboratories and manufacturers. It was also found that although testing infrastructure upgrades may be required to perform SAE TIR J2579 testing, the equipment required is readily available and can be incorporated into other testing facilities.
The second goal of the test program was to ensure that fuel systems (tanks and components) that have had a history of failure under normal vehicle operating conditions would not successfully complete the test sequences specified in SAE TIR J2579. To accomplish this task, a tank with multiple in-service failures was subjected to the test sequences in the document. The Comdyne Type 3 tank (25 MPa service pressure) has had multiple known failures due to cracking of the glass fiber outer wrap. The tank was subjected to the hydraulic test sequence as defined in the document. The first Comdyne tank failed during the final 10 test cycles to 150% of service pressure. This was an unexpected result, as it was believed the tank would fail much sooner in the test sequence. The cause was determined to be an error in the specified test procedure in the draft document, i.e. the 48 hour soak was conducted unpressurized. A second Comdyne tank subjected to the revised test procedure failed 44 hours into the initial 48 hour pressurized soak. The failure mode was determined to be stress corrosion cracking of the glass fibers in the location of the sulfuric acid patch. This confirmed that fuel systems with known in-service failures will not meet the requirements of SAE TIR J2579.
The third goal of the test program was to confirm that fuel systems that have not experienced in-service failures will either successfully complete the test sequences specified in SAE TIR J2579, or will fail when the reasons of failure are understood and realistic of future in-service conditions. 
BACKGROUND
The Safety Working Group at the Society of Automotive Engineers (SAE) has developed a new "systems-level" document for hydrogen vehicles. This document, SAE TIR J2579, is a new approach to certification standards for components. The document eliminates the need for dozens of test samples, tested in isolation from each other. SAE TIR J2579 describes the components which create the "high-pressure envelope", the components whose primary function is the containment of the high-pressure hydrogen on-board the vehicle, and has created a sequential test based on those specific components. The high-pressure envelope is shown in Figure 1 .1 below. The new test procedures have been based on historical tests (from previous standards with a historical pedigree), but with rationale-based modifications. The tests have also been placed into two separate sequences. One sequence is to ensure the fiberreinforcement is adequate to protect against failure in the worst-case usage scenario. This test sequence is the Durability Performance Verification Test and focuses on external damage and cycle fatigue. The other test sequence is to ensure safe performance of the system under the expected service conditions. This test sequence is the Expected Service Performance Verification Test and focuses on leakage from extreme temperature gas cycle and parking performance (mainly liner tests). The two sequences must both be completed to meet the requirements of SAE TIR J2579. 
Container Vessel

Container
Durability Performance Verification Test
Expected-Service Performance Verification Test
The Expected-Service Performance Verification Test is designed to verify that the hydrogen storage system shall be capable of functioning through the expected The test sequence consists of 8 steps as shown above. The first test is the Routine Production Quality Tests, performed on the individual components by their respective manufacturers. The second test is the Extreme-Temperature Gas Cycling (Fueling Performance), which is essentially a gas cycle test at -40 o C and +50 o C. The number of total cycles to be performed is based on a range and lifetime calculation, but not less than 500 cycles, 50% in this step. The third test is an Extended Static High Pressure Gas Test (Parking Performance) which is an elevated temperature hold at 125% NWP for 500 hours. The fourth test is a repeat of the Extreme-Temperature Gas Cycling, to complete the number of total required cycles. The fifth test is another Extended Static High Pressure Gas Test (Parking Performance) which is an elevated temperature hold at 125% NWP for 500 hours. The sixth test is a Gas Leak (Permeation) test to evaluate the performance of the system following the exposures of the previous tests. The final two tests are a Proof Pressure Test to 180% NWP and a Residual Strength Burst Test, both designed to determine the amount of strength reduction caused by the sequential testing.
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TEST PROGRAM
Concept
The test program was devised to evaluate the behaviour of different types of hardware when subjected to the new SAE TIR J2579 test sequence. The SAE Working Group identified several aspects of the test sequence that required examination and/or validation prior to the publication of the document. The original scope of work was divided into 7 separate tasks, with an eighth task added later to examine a new concern. However, the original grouping of tasks seemed to fit into 3 examination categories, which is how the data will be presented in this report.
Task Definition in Scope of Work
The 8 testing tasks defined in the scope of work and contract are described below. These tasks were then re-organized into 3 different test parts, each examining a different area, as opposed to the tasks which examined a specific piece of hardware under a specific test.
2.2.1 Task 1.0 Task 1.0 was to evaluate the time required to conduct the gas pressure cycles in the Expected Service Life Performance Test. This task was performed with a large Type 4 70MPa tank, as this tank size and type was assumed to be worst case for the pneumatic test sequence.
Task 2.0
Task 2.0 was to demonstrate the Expected Service Life Performance Test for typical compressed hydrogen containment systems using a Type 4 polymer-lined carbon-composite fully wrapped containment vessel. This task was performed using a large Type 4 70MPa tank.
Task 3.0
Task 3.0 was to demonstrate the Expected Service Life Performance Test for typical compressed hydrogen containment systems using a Type 3 metal-lined carbon-composite fully wrapped containment vessel. This task was performed using a small Type 3 70MPa tank.
Task 4.0
Task 4.0 was to confirm that types of containers that experienced on-road problems in the past are detected (and rejected) by the proposed tests, using the hydraulic test sequence (Durability Performance Verification Tests). This task was performed using a small Type 3 25MPa glass-fiber reinforced tank, which experienced multiple failures in testing and in service.
Task 5.0
Task 5.0 was to confirm that types of containers that experienced on-road problems in the past are detected (and rejected) by the proposed tests, using the pneumatic test sequence (Expected Service Life Performance Verification Tests). This task was modified to test a complete storage system (tank, valve, PRD) through the pneumatic test sequence. The hardware used was a small Type 3 70MPa tank, intank solenoid valve, glass-bulb PRD, and external check valve.
2.2.6 Task 6.0 Task 6.0 was to demonstrate the Durability Performance Verification Test for typical compressed hydrogen containment systems using a Type 3 metal-lined carbon-composite fully wrapped vessel. This task was performed using a small Type 3 70MPa tank.
Task 7.0
Task 6.0 was to demonstrate the Durability Performance Verification Test for typical compressed hydrogen containment systems using a Type 4 polymer-lined carbon-composite fully wrapped vessel. This task was performed using a large Type 4 70MPa tank.
Task 11.0
Task 11.0 was to demonstrate the Expected Service Life Performance Verification Test for typical hydrogen containment system, including the complete high-pressure envelope. This task was performed using a Type 4 35MPa tank with an intank valve (with integral PRD and check valve). The system tested had known performance in on-road service.
Test Part 1
Test Part 1 was focused on the evaluation of actually performing the test sequences defined in SAE TIR J2579. The hydraulic test sequence (Durability Performance Verification Test) was assumed to be of reasonable short duration and complexity, as the majority of the individual tests were based on previous test standards. The focus of this section was on the time and equipment requirements to perform the pneumatic test sequence (Expected Service Life Performance Verification Test). Also included was an evaluation of the safety implications and requirements for a test lab to safely conduct the pneumatic test sequence.
Test Part 1 covered the requirements of Task 1.0, but also covered the general requirements of all other tasks.
Test Part 2
Test Part 2 was an evaluation of systems that have failed in past vehicle service, to ensure that they would not pass the test sequences in SAE TIR J2579. This test phase was focused on Task 4.0 and the original Task 5.0.
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Test Part 3
Test Part 3 was an evaluation of systems that have not failed in past vehicle service. There were two areas of focus in Test Part 3. The first area of focus was on systems that successfully completed the test sequences of SAE TIR J2579. The second area of focus was on systems that failed the test sequences of SAE TIR J2579, but for reasons that are understood and would be expected to occur in future vehicle service.
Test Part 3 incorporates the bulk of the testing for this test program. Tasks 2.0, 3.0, 6.0, 7.0 and 11.0 were evaluated as part of Test Part 3.
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TEST RESULTS -TEST PART 1
The results of Test Part 1 are separated into the different areas of focus.
Time Required for Testing
The time required to perform the pneumatic test sequence in SAE TIR J2579 was determined by cycling a large Type 4 70MPa tank. The fueling time was 3 minutes at low temperature and approximately 6 minutes at high temperature. The defueling time for each cycle was approximately 45-60 minutes, varying slightly with each cycle and the temperature effects. This cycling had no lower temperature limit, and used a defuel rate based on 1g/s for each 50L of storage. The test sequence was conducted for 500 cycles.
Since the setup and temperature change-over time may vary depending on the test facility, certain assumptions were made using the Powertech Labs facility as the basis.
The pneumatic test sequence time was found to be the following: The total time determined from the testing of the large Type 4 70MPa tank was approximately 10-13 weeks. This test time would be the minimum if the permeation test reaches steady-state quickly (or is at steady-state immediately following the second Parking Performance test). However, the addition of the setup time and the temperature change-over and soaking time will increase total time to 13-16 weeks.
The time required to perform the hydraulic test sequence in SAE TIR J2579 was determined to be approximately 1 week.
The hydraulic test sequence time was found to be the following:
1. 1 day for the drop tests 2. 4 days for the surface damage and chemical exposure 3. 2 days for the hydraulic pressure cycle test 4. 1 day for the hydraulic pressure hold and residual strength burst test.
Powertech estimates that a traditional tank certification program per ANSI/CSA NGV2 takes a minimum of 8 weeks, and typically 10 weeks. The additional time for performing an SAE TIR J2579 test program is approximately 2-4 weeks. This estimate is based on the cycle times used in the Powertech testing. OEM fuel systems will likely have flow control strategies to limit fuel flow at low temperature, which would increase the cycle time for the -40 o C pneumatic cycles. The effects of this increase on total test time is estimated to be 2 weeks.
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Equipment Requirements
Powertech Labs has designed and constructed two parallel gas cycle systems capable of performing the SAE TIR J2579 pneumatic test sequence. These two test systems, part of the Hydrogen Gas Cycle Test Facility (shown below), have similar equipment with slightly different capacities. For very high capacity tests, the two systems can be connected to increase the overall capacity of a single test system. The major equipment required to perform the pneumatic test sequence is: 1. Environmental chamber for the test system 2. Hydrogen gas pre-cooler 3. Hydrogen gas flow control system (inlet and outlet control) 4. Hydrogen compression equipment 5. High-pressure hydrogen storage at 88MPa minimum (for fast fueling) 6. Low-pressure hydrogen storage (to capture defueled hydrogen).
The major pieces of equipment required are all commercially available, with the exception of the hydrogen gas pre-cooler. Powertech uses their proprietary design for the two pre-coolers in the Gas Cycle Test Facility. Below is a schematic of one of the Powertech SAE TIR J2579 test setups. 
Safety Implications
Powertech Labs performed a safety review of the newly designed test facilities for SAE TIR J2579, and analyzed the test for potential safety implications. Although all tests have the potential for failure, the extreme testing conditions in SAE TIR J2579 increased the likelihood of catastrophic failure. Also, the results of a rupture failure while testing pneumatically are significantly more severe than during hydraulic testing.
The results of the analysis of the test sequence for failure potential are as follows: 1. The potential for high-volume hydrogen gas release must be accounted for in the pneumatic sequence. The inclusion of electrical systems in the test area (for the operation of tank valves) also provides an ignition source for any released gas. 2. The potential for catastrophic component failure must be accounted for in the pneumatic sequence. This includes fitting/tubing failure, PRD creep or activation, and tank valve failure. This would result in a sudden release of both hydrogen and metallic projectiles. 3. The potential for catastrophic tank failure is possible but not likely through the course of both the hydraulic and pneumatic test sequence. The potential for tank rupture is significantly reduced if the tank design has previously met the requirements of a component level standard, e.g. ANSI/CSA HGV2 (to be published).
To account for these safety concerns, Powertech has designed the test facility and applicable procedures such that at all times the safety of the test facility staff and test equipment is maintained. To this end, the Hydrogen Gas Cycle Test Facility is located such that additional containment or exclusion areas can be maintained. Also, as shown in Figure 3 .3.1 below, the testing will occur underground in two concrete bunkers. In addition to the bunkers, concrete block walls have been erected to deflect any blast force away from the test facility and towards an unoccupied area (shown in Figure  3 .3.2). The Powertech Gas Cycle Test Facility has been designed and verified to address the safety concerns listed above. The facility is designed to allow the safe ventilation of excessive hydrogen gas leakage. The vertical nature of the test bunkers, with unsealed lids, allows the natural escape of hydrogen from the facility. The facility is also outfitted with hydrogen gas detectors that close all hydrogen valves and shut off all electrical power in the case of hydrogen leakage. However, in case the detectors do not detect the leak before an ignition occurs, the facility has been designed and tested to successfully contain a hydrogen ignition and detonation.
The hydraulic test facility has been designed with containment in place to withstand a tank rupture. However, the Gas Cycle Test Facility cannot successfully contain a pneumatic tank rupture. The blast forces resulting from an 87.5 MPa pneumatic rupture, Page 14 with detonation, are too high to be contained in this type of facility. However, the facility design does limit the damage radius to a manageable distance. To this end, access to the immediate area is restricted during testing. This will result in no personnel being injured in the extremely unlikely event of a pneumatic tank rupture.
Powertech has also instituted a further policy that all systems must successfully complete the hydraulic test sequence prior to starting the pneumatic test sequence. Any system that has questionable performance will not be subjected to the pneumatic cycle test.
Conclusions
Powertech has determined that the tests in SAE TIR J2579 can be performed by any hydrogen test laboratory even though the test procedures are more complicated and time consuming than those specified in traditional tank certification standards.
The total test time for the entire standard has increased from 8-10 weeks (for an NGV2 style certification) to approximately 10-13 weeks for SAE TIR J2579.
The test equipment, with the exception of the hydrogen gas pre-cooler, is commercially available. A hydrogen-capable test laboratory could design and construct an SAE TIR J2579 test facility. The safety implications are manageable through the application of sound design principles and the implementation of appropriate test procedures. To this end, Powertech has determined that at least three other test laboratories in the world have the expertise required and either are setup, or could be setup, to perform the tests specified in SAE TIR J2579. Page 15 
TEST RESULTS -TEST PART 2
Test Part 2 was focused on testing fuel systems that have failed in past vehicle service. The purpose is to ensure that fuel systems with known failures do not pass the new test sequences in SAE TIR J2579.
A Comdyne 25MPa glass-fiber fully wrapped aluminum-lined tank was selected as the system with known failures in vehicle service. There have been numerous failures of this tank design, in both vehicle service and in routine testing. The failure mode is well documented and understood.
Hydraulic Test Sequence
The Comdyne tank was subjected to the Durability Performance Verification Test. The tank underwent the drop test, the surface damage and chemical exposure test, and was followed by a 48 hour hold unpressurized. The tank was then subjected to 5,500 hydraulic ambient pressure cycles to 125% of NWP. No tank failure or leakage occurred. The tank was then subjected to 10 hydraulic ambient pressure cycles to 150% of NWP. The tank failed on the fourth cycle at 150% of NWP, shown in Figure 4 .1.1 below. The failure occurred much closer to the end of the test than expected from previous testing experience. An error in the test procedure specified in SAE TIR J2579 was found. The original wording did not require the 48 hour hold (during the chemical exposure) to be performed pressurized. However, the intent was for the hold period to be at 125% of NWP. The document was changed, and the test restarted with a second Comdyne tank. 
Pneumatic Test Sequence
Page 17
The Comdyne tank design was not subjected to the Expected Service Life Performance Verification Test since the design failed during the Durability Performance Verification Test. Furthermore, Powertech's safety procedures would not allow the pneumatic testing of a tank that ruptured during the hydraulic test sequence.
The funds allocated to this test were reallocated to perform the Expected Service Life Performance Verification Test on a 70MPa "system", consisting of a Type 3 tank, an intank solenoid valve with integral PRD, and a check valve. This system contains all the components of the high-pressure envelope described in Figure 1 .1. These test results are described in Section 5.
Conclusions
The test sequences contained in SAE TIR J2579 have been shown to meet the requirement that systems that have failed in past service will not pass the new test sequences. This was shown using the Comdyne 25MPa tank design, which has shown multiple failures in service. Also, an error in the hydraulic test sequence was discovered during the testing, leading to a document revision and a repeat test to confirm the revision.
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TEST RESULTS -TEST PART 3
Test Part 3 was the main focus of the testing effort for this program. The pneumatic and hydraulic sequence was performed on both Type 3 and Type 4 70MPa tanks, as well as the pneumatic sequence on a Type 3 70MPa "system" and a Type 4 35MPa "system". In this testing, there was no lower gas temperature limitation. As mentioned previously, this may not be representative of OEM systems that undergo the test sequences in SAE TIR J2579.
Hydraulic Test Sequence
The Durability Performance Verification Test was performed on both a small Type 3 70MPa tank and a large Type 4 70MPa tank. The results are summarized below. The 70MPa Type 3 tank met the requirements of the Durability Performance Verification Test. The 70MPa Type 4 tank was subjected to a hydraulic proof test at 180% of NWP with no failure, followed by a residual strength burst test. The burst pressure was approximately 10MPa above the recorded virgin burst value. A photo of the burst tank is shown in Figure 5 .1.2.3 below. 
70MPa Type 3 Tank
70MPa Type 4 Tank
Pneumatic Test Sequence
The Extended Service Life Verification Test was performed on both a small Type 3 70MPa tank and a large Type 4 70MPa tank. The results are summarized below. Table 5 .2.1.1 below. The tank was then reinstalled into the Gas Cycle Facility. The test tank was cycled 125 times at - Following the final permeation test, the tank was hydraulically pressurized to 180% NWP for seconds with no failure. The tank was then tested for residual burst strength. The burst pressure was 2MPa above the recorded virgin burst pressure. The permeation rate of the final permeation test was 0.29 cc/hr, well below the allowable limit. This value was also measured over a very short time period as the tank was already fully saturated, thus already at steady-state permeation.
70MPa Type 3 Tank
The 70MPa Type 3 tank met the requirements of the Expected Service Life Verification Test. procedure, but was added for additional information). The results of the first permeation test are shown in Table 5 .2.2.1 below. The overall permeation value does not meet the current criteria for SAE TIR J2579, however it met the limit at the time of testing. Also, the test following the first Parking Performance was added and is not part of the normal pneumatic test sequence. Following the final permeation test, the tank was hydraulically pressurized to 180% NWP for seconds with no failure. The tank was then tested for residual burst strength. The burst pressure was 6MPa above the recorded virgin burst pressure. The permeation rate of the final permeation test was 35.7 cc/hr, well below the allowable limit. This value was also measured over a very short time period as the tank was already fully saturated, thus already at steady-state permeation.
70MPa Type 4 Tank
The 70MPa Type 4 tank met the requirements of the Expected Service Life Verification Test. During the initial cool-down to reach the starting conditions for the -40 o C pneumatic cycling, leakage was noted on the hydrogen sensor installed in the test chamber. Upon further inspection, it was determined that there was external leakage from a fitting on the tank valve. The cause was likely failure of the o-ring due to extreme low temperatures. It was also noted that the leak was continuous, indicating that the valve was also leaking internally to continually supply the external leak point. The system was removed and the valve returned to the manufacturer for repair. The failure was identified as an internal seal failure. See Figure 5 .2.3.1 for a photo of the leak. The cause of both failures appears to be extreme cold temperature. The systems that failed were certified to -40 o C ambient, with no mention of process temperature limitations. SAE TIR J2579 allows fuel systems with temperature control systems in place to be tested only within those temperature limits.
These failure indicate that current component standards do not account for the extreme process temperatures that can be experienced in service or are specified in SAE TIR J2579. it also emphasizes the importance of including the vehicle control strategy into the testing sequence. The overall permeation rate of the 35MPa Type 4 system was 168 cc/hr, which is above the allowable limit. It was discovered there was a continuous stream of bubbles from a single location on the tank (see Figure 5 .2.4.1). The constant stream of bubbles was determined to be of a sufficient rate to sustain a flame, indicating a failure according to the criteria of SAE TIR J2579. The failure mode appears to have been caused due to liner damage in the backend (end furthest from the gas inlet) on the tank. This failure mode has not been experienced in the limited service of this tank, but is realistic of future service. The manufacturer is aware of the failure.
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Conclusions
The test sequences of SAE TIR J2579 have been validated against two tanks of known service, although the service was fairly limited. The 70MPa Type 3 tank successfully completed the hydraulic and pneumatic test sequence with no failures, and met the pass criteria established. The 70MPa Type 4 tank successfully completed the hydraulic and pneumatic test sequence with no failures, and met the pass criteria established.
Both fuel systems that were tested experienced failures. The 70MPa system failed due to a component limitation at low temperature, which is not unexpected. Current component standards do not address the full range of process temperatures that can be experienced in service. This is accounted for in the test document by allowing fuel systems with internal controls to limit flow and/or operating temperature during testing. The 35MPa system failed due to a tank leak likely caused by high temperature pneumatic cycling. This failure mode has not been seen in the limited service life of the tank design, but is realistic of future service conditions.
The test sequences in SAE TIR J2579 have shown that tanks with no known failures in service either met the requirements of the tests, or fail for reasons that are understood and are representative of future service conditions.
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CONCLUSIONS
Powertech has completed the test program for SAE International, funded by the US DOE through NREL. Although the original program was divided into 8 testing tasks, the data has been presented in 3 parts, to allow for a clearer presentation of information.
Test Part 1
The goal of Test Part 1 was to examine the facility and time requirements to perform the test sequences of SAE TIR J2579, especially the pneumatic sequence.
It was found that the pneumatic sequence can be performed in 10 weeks, with some reductions based on the time to steady-state permeation of the test tanks. However, it was noted that if setup time and temperature change-over time is included in the test time, the total time increases to approximately 13 weeks.
Powertech Labs has constructed two parallel SAE TIR J2579 test setups, within the Gas Cycle Test Facility. These setups were constructed using commercially available components, with the exception of the hydrogen gas pre-coolers.
An in-depth safety analysis of the test sequences and facility was performed as well.
The conclusions of that analysis are that any potential safety issues can be mitigated through facility design and laboratory test procedures. Powertech has designed and validated its facilities to be able to safely perform the testing specified in SAE TIR J2579.
It was also determined that any hydrogen-capable test laboratory could be setup to perform the pneumatic test sequence. At the time of the project, Powertech was aware of three other test facilities that are already setup, or could be quickly setup, to perform the pneumatic test sequence specified in SAE TIR J2579.
Test Part 2
The goal of Test Part 2 was to demonstrate that fuel systems that have known failures in service do not pass the test sequences of SAE TIR J2579. To demonstrate this, Powertech tested a Comdyne 25MPa tank design. The Comdyne design has experienced multiple failures in service.
The Comdyne tank was first tested to the hydraulic test sequence. The first Comdyne tank failed after 4 cycles at 150% NWP, near the end of the test sequence. The result was unexpected, and led to the discovery of an error in SAE TIR J2579. The document was revised, and a second Comdyne tank was tested to the modified hydraulic sequence. The second Comdyne failed following 42 hours of pressure hold at 125% NWP.
The planned testing of the Comdyne tank to the pneumatic test sequence was revised, as the Comdyne had already failed SAE TIR J2579 and Powertech test procedures would not allow the pneumatic testing of a tank that had previously failed the hydraulic Page 28 test. The funds allocated to this task were re-allocated to allow for the pneumatic testing of a 70MPa Type 3 system.
It was demonstrated that fuel systems with known service failures do not pass the test sequences specified in SAE TIR J2579.
Test Part 3
The goal of Test Part 3 was to demonstrate that fuel systems with no history of service failures either pass the test sequences of SAE TIR J2579, or fail when the reasons are understood and representative of future service conditions. To demonstrate this, a 70MPa Type 3 tank design and a 70MPa Type 4 tank design were tested to both the hydraulic and pneumatic test sequences. Additionally, a 70MPa Type 3 system and a 35MPa Type 4 system were tested to the pneumatic test sequence.
The 70MPa Type 3 tank met the requirements of the hydraulic test sequence, resulting in a residual burst strength 7MPa higher than the recorded virgin burst pressure. The 70MPa Type 3 tank met the requirements of the pneumatic test sequence, resulting in a residual burst strength 2MPa higher than the recorded virgin burst pressure and an overall permeation rate of 0.29 cc/hr.
The 70MPa Type 4 tank met the requirements of the hydraulic test sequence, resulting in a residual burst strength 10MPa higher than the recorded virgin burst pressure. The 70MPa Type 4 tank met the requirements of the pneumatic test sequence, resulting in a residual burst strength 7MPa higher than the recorded virgin burst pressure and an overall permeation rate of 35.7 cc/hr.
The 70MPa Type 3 system failed during the -40 o C pneumatic cycling due to in-tank valve problems. The failure indicates that both the component level standards are inadequate for the extreme service conditions expected in future service, and that current hardware has service limitations. It is noted that the pneumatic test sequence in SAE TIR J2579 has an allowance for the testing of hardware with service limitations.
The 35MPa Type 4 system failed following the first 250 pneumatic cycles. The failure was noted as a high permeation value of 168 cc/hr, which was confirmed as a constant leak of hydrogen from a single location on the tank. The failure was likely liner damage caused by high-temperature pneumatic cycling. The failure has not been experienced in the limited service of this tank design, but is realistic of future service conditions. It was demonstrated that fuel systems with no history of failure in service either pass the test sequences of SAE TIR J2579 (the 70MPa Type 3 tank and the 70MPa Type 4 tank), or fail for reasons that are understood and are expected in future service (the 70MPa Type 3 system and the 35MPa Type 4 system).
